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ABSTRACT: In our prior studies ([Igci, Y., et al. , AIChE J., 2008, 54, 1431�1448] and [Igci, Y., Sundaresan S., AIChE J., 2010, in
press]) we presented a methodology where computational results obtained through highly resolved simulations of a given
microscopic two-fluid model (TFM) for gas-particle flows are filtered to deduce constitutive models for the residual correlations
appearing in the corresponding filtered TFM equations that are appropriate for coarse-grid simulations of gas-particle flows.We had
also analyzed the flow behavior in the vicinity of solid boundaries and proposed wall corrections for these constitutive models. We
had ascertained that the filtered models do yield nearly the same time-averaged macroscale flow behavior in vertical channel flows as
the underlying kinetic-theory-based TFM, thus verifying the filtered model approach. In the present study, we have performed a set
of 3D computational simulations for validation of the filtered TFM against the experimental data on riser flow [Karri, S., et al. , PSRI
Challenge Problem 1, Workshop 3 Modeling Test, at the 8th International Conference on Fluidization, Tour, France, 1995]. It is
found that inclusion of wall corrections brings the filtered model predictions closer to the experimental data and that simulations
corresponding to different filter lengths yield nearly the same results.

’ INTRODUCTION

Gas-particle flows in large process vessels manifest structures
over a wide range of scales. It is now well-known that the two-
fluid model1 (TFM) equations for gas-particle flows, which have
been developed and analyzed extensively over the past five
decades, are able to capture their existence in a robust manner.2�4

However, to resolve the clusters and bubble-like voids at all
length scales, extremely fine spatial resolution is necessary, which
renders these simulations impractical.4�8 In most practical
systems, there is an engineering need for tools to probe the
macroscale flow characteristics directly, without having to resolve
the smaller scale structures, and to see how the macroscale
structures can be manipulated through engineering design. A
natural approach to solving such problems would be to construct
filtered TFM equations that focus only on the coarse structures in
the flow. In this approach, the influence of the small scale
structures appears as residual correlations for which constitutive
or closure models should be constructed.4�10

In our prior studies,7,8,11 we presented a methodology where
computational results obtained through highly resolved simula-
tions of a given microscopic TFM for gas-particle flows are
filtered to deduce models for the residual correlations appearing
in the corresponding filtered TFM equations that are appropriate
for coarse-grid simulations of gas-particle flows. If constructed
properly, the filtered equations should produce a solution with
the same macroscopic features as the finely resolved kinetic
theory model results; however, as the filtered equations place less
stringent requirements on the grid resolution than the original
TFM equations, they would be computationally less expensive
to solve.

Using this methodology, we performed highly resolved simu-
lations of a kinetic theory based TFM with Wen and Yu drag law

for uniformly sized particles1,4�7 in large periodic domains
(whose dimensions were considerably larger than the filter
lengths being investigated) and systematically filtered the results
(using the desired filter length) to obtain computational data on
the residual correlations of interest (for the drag coefficient and
the effective stresses in the gas and particle phases). These results
have been captured in the form of correlations which manifested
a definite and systematic dependence on the filter length and
particle volume fraction and can readily be employed in coarse-
grid simulations of gas-particle flows.

The effect of solid boundaries on the constitutive models for
filtered TFMs for riser flows was also probed and wall corrections
for the constitutive models were proposed.8 Coarse statistical
results obtained by solving these filtered models with different
filter lengths were found to be the same and correspond to those
from highly resolved simulations of the kinetic theory model,
which was used to construct the filtered models, thus verifying
the fidelity of the filtered modeling approach.

In the present study, we have performed a set of 3D
computational simulations (using MFIX12,13) for validation of
the filtered TFM against the experimental data which was care-
fully generated in a 14.2 m tall circulating fluidized bed (CFB)
riser with a 0.2m i.d. located at the Particulate Solid Research Inc.
(PSRI) experimental research facility in Chicago (www.psrichi-
cago.com).14 The experimental data set was specifically designed
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for a benchmark modeling exercise at the Eighth International
Fluidization conference held in France in May 1995. To fully
simulate the CFB loop, one should perhaps simulate all the units,
but in the present study we examine only the flow in the riser.

Various research groups have studied this system, and the
detailed description of the experimental unit can be found
elsewhere.14,15 Although the majority of the previous studies
with this system utilized 2D simulations15�20 (due to the com-
putational limitations), a 3D geometry is more likely to capture
the detailed picture of the flow in the experimental riser. There-
fore, we have focused on 3D simulations and used the simplified
3D geometry (where the inlet and outlet regions have been
idealized) recently published by Benyahia21 in our studies.
Figure 1 presents this 3D geometry where the particles (solids)
enter the unit from an inlet centered at an elevation of 0.15 m on
the side wall. The inlet length is 0.1 m, and the inlet extends
azimuthally from π/5 to 4π/5. The gas (air at 300 K) enters
mainly from the bottom of the unit. Both particle and gas phases
leave the unit from an outlet located at an elevation of 14 m and

extending azimuthally from π/4 to 3π/4. (The top face of the
cylindrical riser is closed.) The outlet length is 0.2 m.

In the PSRI experiments, γ-ray densitometer and isokinetic
probe were used for acquisition of data for radial profiles of
particle volume fraction and particle phase mass flux, respec-
tively. There is a fair amount of uncertainty in these radial
profile measurements, but this uncertainty was not quantified.
Therefore, the agreement between the model and experiments
in a roughly quantitative manner is generally taken to be
very good.

In our computational studies (as in the experimental studies),
we have set the main gas (actual) velocity (from the bottom of
the unit) and the particle phase mass flux (at the particle phase
inlet) to 5.2m/s and 489 kg/ (m2 s), respectively.We have used a
particle volume fraction of 0.40 at the particle phase inlet. The
flow is isothermal at an ambient temperature of 300 K. Although
there was a distribution of particle sizes in the real system, we
have only considered its monosized equivalent (7.6 � 10�5 m
particles) system in the current study. Table 1 presents the
physical properties of the particles and the gas used in our
computational simulations.

We have performed our analyses in terms of dimensionless
variables, and a filter length of 8.224 du is equivalent to 0.0532 m
for the 7.6 � 10�5 m FCC particle�ambient air system.
(Simulation settings are also summarized in Table 2 in both
dimensional and dimensionless forms.) In our simulations, we
have used the 3D filtered model equations with and without wall
corrections to the constitutive models, which can be found in our
prior work11 and also in Table 3. The 3D wall corrections are
given in Table 4. Note that a rigorous test of the kinetic theory
model could not be done for this system due to computational
limitations (as it requires fine grid resolution which is un-
affordable), so we performed the simulations only with the
filtered model.

Figure 1. The 3D computational domain used for simulations to
capture the experimental data obtained from the PSRI riser. This setup
and the schematic were adapted from Benyahia.21 In this setup, the gas
enters the domain uniformly at the bottom, whereas the particles enter
from the inlet located on the side wall. The gas and particles are allowed
to leave through exit region located on the side wall (0.1 m below the
splash plate located over entire top area of the riser). The details of the
exit and outlet geometries and the simulation conditions are given in
the main text. The physical conditions corresponding to this simulation
are listed in Tables 1 and 2.

Table 1. Physical Properties of Gas and Particles

dp particle diameter 7.6 � 10�5 m

Fs particle density 1712 kg/m3

Fg gas density computed using ideal gas

law (∼1.3 kg/m3)

μg gas viscosity 1.8 � 10�5 kg/(m s)

g gravitational acceleration 9.807 m/s2

vt terminal settling velocity

(characteristic velocity)

0.2519 m/s

vt
2/g characteristic length 0.006469 m

vt/g characteristic time 0.02568 s

Fsvt2 characteristic stress 108.6 kg/(m s2)

Fsvt characteristic mass flux 431.2 kg/(m2 s)

Table 2. Settings for 3D PSRI Riser Simulation

dimensional dimensionless

riser diameter 0.20 m 30.92

riser height 14.2 m 2195

number of spatial grids 10 � 284 � 16 10 � 284 � 16

inlet (actual) gas velocity 5.2 m/s 20.65

inlet particle phase volume fraction 0.40 0.40

inlet particle phase mass flux 489 kg/(m2 s) 1.134
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Here, it is important to note that, for most of the simulations in
this study (with the grid resolution of 10 (radial)� 284 (axial)�
16 (azimuthal)), the time-averaged data are collected for a period
of 50�70 s (1950�2730 du) at a frequency of 50 Hz after the
gas-particle flow in the simulation domain has reached its
statistical steady state (SSS) (indicated by the total particle mass
inventory in the domain). (With a variable time step in the range
of 10�5�10�3 second (0.0004�0.04 du), it takes about 11 days
to collect the data for 50 s (for the grid resolution of 10� 284�
16) on a dual quad core Intel Xeon E5420 processor running at
2.50 GHz.)

’ INCLUSION OF WALL CORRECTIONS TO THE CLO-
SURES FOR THE FILTERED TFM EQUATIONS

In our prior study,8 we have shown that in a 2D riser, the wall
corrections to the closures for the filtered TFM equations are
necessary for capturing the results predicted by the underlying
kinetic-theory-based TFM. In the present study, we performed
analogous analyses with 3D simulations.

We have extracted the wall corrections to the constitutive
models for the filtered drag coefficient, particle phase pressure,
and viscosity from a 3D kinetic-theory-based TFM simulation of
a riser with a square cross-section (0.146 m� 9.14 m� 0.146m)
and adapted them for risers with circular cross sections. We have
seen in our prior study of 2D riser8 that the wall corrections for
the filtered drag, particle phase pressure, and viscosity were
similar, and so we have used the same correction for all three
in the present study; see Table 3 for the wall correction to the
filtered model closures.

Using the filtered TFM corresponding to a filter length of
8.224 du (which permitted affordable coarse-grid simulation), we
have studied the effect of the inclusion of the wall corrections to
the filtered model closures. Figure 2 shows a comparison of the
dimensionless time-averaged gas pressure gradient profile ob-
tained from simulations of the filtered model equations with and
without wall corrections and the experimental data generated
from the PSRI riser. The simulation employed 10 (radial)� 284
(axial) � 16 (azimuthal) grids. It is readily apparent that the
inclusion of wall corrections affects the gas pressure gradient

profile predicted by the filtered model simulations quantitatively;
the filtered model with wall corrections predict higher gas
pressure gradients at almost all elevations away from the inlet
and the outlet. The results predicted by the filtered model with
wall corrections are comparable to the experimental data for
elevations <1000 (du), but at higher elevations the experimental
data are closer to the results obtained in simulations without wall
corrections. Near the top of the riser (over 1900 du), the filtered
models (with and without the wall corrections) predict pressure
gradients much higher than the experimental data.

Benyahia21 reported similar results upon using drag coefficient
closure obtained via the energy minimization multiscale (EMMS)
method, which was developed by Li, Kwauk, and co-workers,22�25

in the same system and attributed this behavior to particles
(solids) backmixing caused by the abrupt blind-tee used in
the computations instead of the smooth elbow exit design used
experimentally. We suspect that more realistic inlet and exit
boundary conditions (including full CFB loop) are needed for a
better agreement with the experimental data, but at the moment
such computations are beyond our reach due to the limitations
of MFIX, which does not allow complicated geometries at the
present time.

The dimensionless time-averaged radial profiles of particle
volume fraction and axial particle mass flux at an elevation of
602.9 du (= 3.9 m) above the solids inlet obtained with the
filtered model closures (8.224 du) with and without wall correc-
tions are presented in Figures 3 panels a and b, respectively. The
experimental data are also included for comparison. In Figure 3a,
we can clearly see that the profile is almost flat when the wall
corrections are not used. The inclusion of wall correction not
only dramatically increases the particle phase concentration in
the vicinity of the riser wall but also increases the particle
concentration slightly in the core region. (This behavior is similar
at other elevations.) Simulations with wall corrections show the
same qualitative trend as the experimental data, namely, dense
annular region and dilute core. As for the radial profile of axial
particle mass flux (see Figure 3b), the results obtained with the
filtered model without wall corrections do not capture the trend

Table 4. 3D Wall Corrections to the Filtered Drag Coeffi-
cient, Particle Phase Pressure, and Viscosity

Dimensionless distance from the wall of a riser with a circular cross-

section (for cylindrical coordinates):

rd = g((Driser/2) � r)/vt
2

Filtered Drag Coefficient

βe, scaled ¼ βe ðφs , rdÞ
βe, core ðφs Þ

¼ 1
1 + 5 expð � 0:75rdÞ, 0 e rd e gDriser

2vt 2
(15)

βe, core ðφs Þ ¼ βe, periodic ðφs Þ (16)

Filtered Particle Phase Pressure

pse, scaled ¼ pse ðφs , rdÞ
pe, core ðφs Þ

¼ 1
1 + 5 expð � 0:75rdÞ, 0 e rd e

gDriser

2vt 2
(17)

pse, core ðφs Þ ¼ pse, periodic ðφs Þ (18)

Filtered Particle Phase (Shear) Viscosity

μse, scaled ¼ μse ðφs , rdÞ
μse, core ðφs Þ

¼ 1
1 + 5 expð � 0:75rdÞ, 0 e rd e gDriser

2vt 2
(19)

μse, core ðφs Þ ¼ μse, periodic ðφs Þ (20)

Figure 2. Dimensionless time-averaged gas pressure gradient profiles
plotted along the height of the 3D riser. Numerical predictions obtained
with the filtered model closures with and without wall corrections
(extracted with a filter length of 8.224 du) are compared with the
experimental data. Resolution: 10� 284� 16. See Tables 3 and 4 for the
filtered model closures and wall corrections, respectively.
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seen in experiments; in contrast, the filtered model with wall
corrections does. Nevertheless, it should be noted that our
simulations failed to capture the downward flux near the wall.
This could be a consequence of the free-slip wall condition we
have used in our studies and will be further investigated later in
this manuscript. Although no experimental data are available for
the radial superficial gas velocity profile, we have compared the
results predicted by the filtered model with and without wall
corrections (see Figure 3c); inclusion of wall corrections result in

higher superficial gas velocities in the core and lower velocities in
the vicinity of the wall.

To summarize, the inclusion of wall corrections in the filtered
model affects the results both qualitatively and quantitatively and
appears to be necessary to capture the experimental trends. The
filtered TFM equations (with wall corrections) can potentially
capture the experimental profiles; it has shown qualitative
agreement in some regions, but quantitative differences remain.
There may be several reasons for qualitative disagreement between
the computational and experimental data, such as uncertainty in
experimental measurements, limitation of original kinetic theory
based TFM from which the filtered model closures were con-
structed and the idealization of the geometry, and the details of the
wall correction. Further studies are needed to explore them.

It is important to note that the results were found to be
essentially axi-symmetric at an elevation of 602.9 du (= 3.9 m)
above the solids inlet and were therefore azimuthally averaged.
The behavior is similar at other elevations away from the inlet
and exit effects but shows some asymmetry in the regions close to
the inlets and the exit.

’EFFECT OF THE FILTER LENGTH

A set of 3D flow simulations of the filtered models extracted
with dimensionless filter lengths of 4.112, and 8.224 and 16.448

Figure 4. The effect of the filter length (used to extract the filtered
models) on the dimensionless time-averaged gas pressure gradient along
the height of the 3D riser: (a) with wall corrections; (b) without wall
correction. Free-slip BC was imposed for both phases at all walls.
Resolution: 10 � 284 � 16. The experimental data are also included
for comparison.

Figure 3. Dimensionless time-averaged radial profiles of (a) particle
volume fraction, (b) axial particle mass flux, and (c) axial superficial gas
velocity at an elevation of 602.9 du (= 3.9 m) above the particles inlet
obtained with the filtered closures (8.224 du) with and without wall
corrections. The experimental data are also shown for comparison.
Everything else is the same as in Figure 2.
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du were performed with 10 � 284 � 16 grids. Free-slip BC was
imposed for both phases at all walls. Figure 4 panels a and b
illustrate the effect of the filter length on the dimensionless time-
averaged gas pressure gradient along the height of the 3D riser
extracted from simulations with and without wall corrections,
respectively. It is clearly seen (in both cases) that the gas pressure
gradient is nearly independent of filter length for filter lengths of
4.112 and 8.224 du. In Figure 4b, where wall corrections were not
included in the filtered models, the filtered model extracted with
16.448 (du) filters yields slightly lower values for lower elevations
in the riser. Here, it is important to note that a filter length of
16.446 du is equal to ∼0.1064 m for the system in this study.
This filter length is meaningless for this problem (with a tube
radius of 0.10 m), but perfectly realistic for larger systems. We
have included this filtered model in our studies to determine
the upper limit for the filter length that can be used in
simulations for a given cross-sectional width. It is remarkable
that even for this system the 16.448 (du) filter captures the
results predicted by smaller filter lengths (4.112 and 8.224 du)
reasonably well.

Similarly, the radial profiles of the dimensionless time-aver-
aged particle volume fraction and axial particle mass flux at an
elevation of 602.9 du (=3.9 m) above the solids inlet (633.78 du

from the bottom of the riser) are nearly independent of the filter
length used to extract the filtered model (with and without wall
corrections); see Figures 5 panels a and b for the particle volume
fraction profile and Figure 6 panels a and b for the axial particle
phase mass flux. Collectively, these results illustrate that the
solution is nearly filter length independent for physically mean-
ingful filters.

’EFFECT OF GRID RESOLUTION

To study the effect of grid resolution on the results predicted
by the filteredmodel simulations, we have performed simulations
of filtered model equations with and without wall corrections
with four different spatial grid resolutions. For the simulations
with wall corrections, we have used a filtered model extracted
with a filter length of 8.224 du, whereas in the simulations without
wall corrections, we have used a filter length of 4.112 du. Free-slip
BC was imposed for both phases at all walls.

Figure 7 panels a and b present the effect of grid resolution on
the dimensionless time-averaged gas pressure gradient along the
height of the 3D riser with and without wall corrections,
respectively. It is apparent in both cases that neither an increase
in the axial (vertical) resolution (from 284 grids to 710 grids) nor
an increase in azimuthal resolution (from 16 to 32 grids) affects

Figure 6. The effect of the filter length (used to extract the filtered
models) on the dimensionless time-averaged profiles of axial particle
phase mass flux an elevation of 602.9 du (= 3.9 m) above the solids inlet.
(a) Wall corrections were included in the filtered models given in the
figure legend. (b) Wall corrections were NOT included. The experi-
mental data are also included for comparison. Everything else is the same
as in Figure 4.

Figure 5. The effect of the filter length (used to extract the filtered
models) on the dimensionless time-averaged profiles of particle volume
fraction at an elevation of 602.9 du (= 3.9 m) above the solids inlet. (a)
Wall corrections were included in the filtered models given in the figure
legend. (b)Wall corrections were NOT included. The experimental data
are also included for comparison. Everything else is the same as in
Figure 4.
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the pressure gradient profile significantly. (Note that the “higher
resolution” cases exhibit more fluctuations in the gas pressure
gradient profile due to shorter averaging period (due to compu-
tational time restriction) and are expected to smooth out with
longer averaging periods.) The case without wall corrections
(shown in Figure 7b) yields a profile that is nearly independent
of radial grid resolution. However, a decrease in radial resolu-
tion from 10 to 5 grids in Figure 7a, where wall corrections are
included in the filtered model, changes the gas pressure gradient
profile significantly. These results suggest that the dependence
on radial resolution stems from the wall corrections and onemust
use enough grids (in the radial direction) to resolve the wall
corrections. Physically, this is equivalent to resolving the annular
region near the wall where the particle volume fraction tends to
be noticeably different from that in the core. As reported in our
earlier study,8 the wall correction extends to about 10 du from the
wall, and to resolve this region, it would be preferable to place at
least three grids in this wall region; in other words, a preferable
grid length in the radial direction near the wall region would be
∼3vt

2/g or smaller.
The grid resolution effect on the dimensionless time-averaged

profiles of particle volume fraction and axial particle mass flux at
an elevation of 602.9 du (=3.9m) above the solids inlet are shown
for both cases in Figures 8a,b and 9a,b, respectively. It is apparent

from these figures, as well as from Figure 7, that 3D filtered
models exhibit a very small dependence on grid resolution for the
axial and azimuthal resolutions considered in this study; however,
a grid resolution of 10 � 284 � 16 was used for the rest of our
validation studies for the sake of computational ease (and
because of the fact that the change in predicted value with further
grid refinement was only small).

It is important to note that, in the case with wall corrections, a
decrease in radial grid resolution from 10 to 5 grids (in Figures 8a
and 9a) decreases the particle accumulation in the vicinity of
bounding walls and flattens the particle mass flux profile; whereas
the filtered model without wall corrections yields nearly radial
resolution independent profiles (see Figures 8b and 9b.) These
findings, along with that in Figure 7, suggest that one must use
enough grids (in the radial direction) to resolve the wall correc-
tions, at resolutions as noted above. In risers with larger
diameters, smaller grids may need to be used in the wall vicinity
than those in the core regions.

’BOUNDARY CONDITION EFFECT

In this section, we have studied the effect of wall boundary
condition (BC) for gas and particle phases on the computational

Figure 8. The effect of grid resolution on the dimensionless time-
averaged profiles of particle volume fraction obtained from simulations
with a filtered model extracted with a filter length of (a) 8.224 du with
wall corrections; b) 4.112 du without wall corrections at an elevation of
602.9 du (=3.9 m) above the solids inlet. Azimuthally averaged profiles
are used. The experimental data are also included for comparison.
Everything else is the same as in Figure 7.

Figure 7. The effect of grid resolution on the dimensionless time-
averaged gas pressure gradient along the height of the 3D riser.
Azimuthally averaged profiles are used. The experimental data are also
included for comparison. The filtered models used in these simulations
were extracted with a filter length of (a) 8.224 du with wall corrections;
(b) 4.112 du without wall corrections. Free-slip BC was imposed for
both phases at all walls.
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results predicted by the filtered models. In previous sections, we
have shown that wall corrections should be included to the
closures for the filtered model and the filter length dependence
was negligible for the filter lengths considered in this study.
Therefore, we have used a filtered model extracted with a filter
length of 8.224 du with wall corrections for this analysis.

Figure 10 illustrates the effect of BC for gas and particle phases
on the dimensionless time-averaged gas pressure gradient along
the height of the 3D riser (predicted by the filteredmodel). Here,
three cases were considered: (1) free-slip for both phases, (2)
free-slip for the particle phase and no-slip for the gas phase, and
(3) no-slip for both phases. A comparison of BCs (1) and (2)
readily reveals that the choice of BC for the gas phase does not
have any effect on the pressure gradient profile; whereas changing
the BC for the particle phase from free-slip (1) to no-slip (3)
increases the gas pressure gradient at all elevations in the riser. It is
difficult tomake a definitive statement, but the gas pressure gradient
predicted by the free-slip BC (1) simulations appears to be closer to
the experimental data than that for the case with no-slip BC (3).

Similarly, Figure 11 panels a and b present the effect of BC
used for gas and particle phases on the dimensionless time-
averaged profiles of particle volume fraction and axial particle
phase mass flux at an elevation of 602.9 du (=3.9 m) above the

Figure 11. The effect of boundary conditions (BC) used for gas and
particle phases on the dimensionless time-averaged profiles of (a)
particle volume fraction and (b) axial particle mass flux at an elevation
of 602.9 du (=3.9 m) above the solids inlet. Azimuthally averaged
profiles are used. The experimental data are also included for compar-
ison. The filtered model used in this simulation was extracted with a
filter length of 8.224 du (with wall corrections). Resolution = 10 �
284 � 16.

Figure 9. The effect of grid resolution on the dimensionless time-
averaged profiles of axial particle phase mass flux obtained from
simulations with a filtered model extracted with a filter length of (a)
8.224 du with wall corrections; (b) 4.112 du without wall corrections
at an elevation of 602.9 du (=3.9 m) above the solids inlet.
Azimuthally averaged profiles are used. The experimental data are
also included for comparison. Everything else is the same as in
Figure 7.

Figure 10. The effect of boundary conditions (BC) used for gas and
particle phases on the dimensionless time-averaged gas pressure
gradient along the height of the 3D riser. Azimuthally averaged
profiles are used. The experimental data are also included for
comparison. The filtered model used in this simulation was extracted
with a filter length of 8.224 du (with wall corrections). Resolution =
10 � 284 � 16.
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solids inlet, respectively. As noted above, the BC for the gas phase
does not seem to have any effect on the results predicted by the
filtered model. Changing the BC for the particle phase from free-
slip (1) to no-slip (3) increases the particle concentration slightly
in the core and the wall region and makes the particle phase mass
flux profile better (particles fall as in the experimental data) in the
wall region, but worsens the flux profile in the core region.

In our prior studies,8 we found that 2D filtered model simu-
lations with free-slip BC for both phases yielded results closer to
those predicted by the underlying (highly resolved) kinetic
theory based TFM simulations, which were used to extract the
wall corrections to the filtered model closures, than the no-slip
BC simulations. In the kinetic-theory-based TFM simulations,
partial-slip BCs developed by Johnson and Jackson26 were used
for the tangential velocities and granular temperature of the
uniformly sized particle phase at all walls. In Johnson and Jackson
partial-slip BC formulation, the specularity coefficient is a measure
of the fraction of collisions transferring tangential momentum to
the wall and it varies between zero (for smooth walls) and unity
(for rough walls). (Values ranging between 0.0001 and 0.6 have
been reported to capture the macroscopic flow patterns in the
literature.) Highly resolved riser flow simulations have been
performedwith several different specularity coefficients between zero
and 1.8 For the gas phase, free-slip BC was used at all walls. (It
was also shown that the gas/particle flow patterns in a riser are
only weakly dependent on the gas phase BCs.) The wall
corrections to the filtered drag coefficient, particle phase pressure
and viscosity manifested a systematic dependence on the spec-
ularity coefficient, but the effective wall BCs did not reveal such
dependence. Briefly, in all cases considered in our prior studies,8

the filtered model simulations with free-slip BC were shown to
compare better with the underlying kinetic-theory-based TFM
simulations than those with no-slip BCs (regardless of the value
of the specularity coefficient.)

In these 2D simulations involving wide channels (in our
studies), we have seen that bulk of the pressure drop came from
the weight of the particles. When risers with small diameters are
used (as in this PSRI case) the basic assumption behind
constructing free-slip BC is perhaps not satisfied, and the wall
friction may be playing a non-negligible role in the PSRI
experiments using a 0.2 m-diameter riser.

We suspect that data generated using this narrow riser is not
well suited for the validationof thefilteredmodel (which are intended
for large diameter risers) but we do not have any experimental data
with wider risers. While the present attempt to validate the model
using data from the PSRI riser has revealed some encouraging results,
it has also shown that the free-slip BC proposed in the earlier
publication8 need to be modified for such small systems.

’SUMMARY

We have performed a set of 3D computational simulations for
validation of the filtered TFM against the experimental data from
the PSRI riser. The present study, which is valid for the particle
volume fraction range typical of gas-particle flows in risers,
reveals the following:
(a) Inclusion of wall corrections affects the results predicted by

the filtered TFM equations quantitatively and qualitatively
and is necessary for capturing the experimental data.

(b) The filtered TFM equations (with wall corrections) can
potentially capture the experimental profiles; it has shown
qualitative agreement, but quantitative differences remain.

(c) The results obtained from the filtered model simulations
are nearly axi-symmetric at the elevation where the
experimental data were obtained.

(d) The 3D filtered TFM equations are nearly independent
of axial and azimuthal grid resolution for the resolutions
considered in this study. In the radial direction, one must
use enough grids to resolve the wall correction.

(e) The results predicted by the filtered TFM equations
(with and without wall corrections) are nearly filter
length independent.

(f) The filtered model simulations have shown dependence
on the choice of BC for the particle-phase, but not for gas-
phase. The results obtained with “free-slip” BC for the
particle phase has shown agreement with the experimen-
tal data in some regions, however “no-slip” BC predicted
the downflow of particles in the wall region better.

Overall, the filtered TFM approach has shown promise to be a
tool to simulate gas-particle flows of FCC particles in industrial-
scale risers. The sensitivity of the model predictions to changes in
the inlet and exit details remain to be investigated. At the present
time, it is unclear if the differences between the model predic-
tions and the experimental data are due to deficiencies in the
model or the simplification of the inlet and exit configurations.
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’NOMENCLATURE
dp = particle diameter (m)
ep = coefficient of restitution for particle�particle collisions
c, f, h2D, h3D = factors used in modeling the filtered drag

coefficient
Factordim = additional factor for modeling the 3D filtered particle

phase viscosity
Factorps = coefficient used in modeling the filtered particle phase

pressure
Factorμs = coefficient used in modeling the filtered particle phase

shear viscosity
Frfilter = Froude number based on filter length = vt

2/gΔfilter

Frgrid = Froude number based on grid length = vt
2/gΔgrid

g, g = acceleration due to gravity (m/s2)
gg = additional factor for 3D filtered drag coefficient modeling
pse = filtered particle phase pressure (kg/m 3 s

2)
pse,d = pse,d made dimensionless; pse,d = pse/Fsvt2

pse,core = pse extracted from the core region of the 3D channel
(kg/m 3 s

2)
pse,periodic = pse extracted from periodic BC simulations

(kg/m 3 s
2)

pse,scaled = pse scaled with pse,core; pse,scaled = pse/pse,core



J dx.doi.org/10.1021/ie2007278 |Ind. Eng. Chem. Res. XXXX, XXX, 000–000

Industrial & Engineering Chemistry Research ARTICLE

ps,kinetic = filtered value of particle phase pressures in the kinetic
theory model (kg/m 3 s

2)
vt = terminal settling velocity (m/s)
u = gas phase velocity in the microscopic two-fluid model (m/s)
u = filtered gas phase velocity (m/s)
v = particle phase velocity in the microscopic TFM (m/s)
v = filtered particle phase velocity (m/s)
Vslip = vertical slip velocity (m/s)

Greek Symbols
βe = filtered drag coefficient (kg/m3

3 s)
βe,periodic = filtered drag coefficient extracted from periodic BC

simulations (kg/m3
3 s)

βe,core = βe extracted from the core region of the 3D channel
(kg/m3

3 s)
βasymptotic = asymptotic value of the filtered drag coefficient

(kg/m3
3 s)

βmicroscopic = microscopic filtered drag coefficient (kg/m3
3 s)

βe,d = dimensionless filtered drag coefficient = βevt/Fsg
βe,scaled = βe scaled with βe,core; βe,scaled = βe/βe,core
φs, φg = particle and gas phase volume fractions, respectively
φs,max = maximum particle volume fraction
φs, φg = filtered particle and gas phase volume fractions,

respectively
Fs, Fg = particle and gas densities, respectively (kg/m3)
Δfilter = filter length (m)
Δgrid = grid length (m)
μg = gas phase viscosity (kg/m 3 s)
μs = shear viscosity of the particle phase appearing in the kinetic

theory model (kg/m 3 s)
μse = shear viscosity of the particle phase appearing in the filtered

TFM (kg/m 3 s)
μse,d = μse made dimensionless; μse,d = μseg/Fsvt

3

μse,core = μse extracted from the core region of the 3D channel
(kg/m 3 s)

μse,periodic = μse extracted from periodic BC simulations
(kg/m 3 s)

μse,scaled = μse scaled with μse,core; μse,scaled = μse/μse,core
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’NOTE ADDED AFTER ASAP PUBLICATION

The version of this paper that was published ASAP July 18, 2011,
had errors in the presentation of Figures 7 and 11. The corrected
version of this paper was published online July 27, 2011.


